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btaining accurate structural information on epitaxial films and

interfaces is nowhere more critical than in semiconductor

passivation layers, where details of the atomic structure and
bonding determine the nature of the interface electronic states. Various
non-destructive methods have been used to investigate the structure of
films and interfaces', but their interpretation is model-dependent,
leading occasionally to wrong conclusions.We have developed a new
X-ray method for the direct determination of epitaxial structures,
coherent Bragg rod analysis (COBRA). The usefulness of our
technique is demonstrated by mapping, with atomic precision, the
structure of the interfacial region of a Gd O, film grown epitaxially on
a(100) GaAs substrate. Our findings reveal interesting behaviour not
previously suggested by existing structural methods, in particular a
lock-in of the in-plane Gd atomic positions to those of the Ga/As
atoms of the substrate. Moreover, we find that the bulk stacking of the
Gd, 0, atomic layers is abandoned in favour of a new structure that is
directly correlated with the stacking sequence of the substrate. These
results have important implications for Gd,O, as an effective passiva-
tion layer for GaAs (ref. 7). Our work shows that the COBRA technique,
takingadvantage of the brilliance of insertion device synchrotron X-ray
sources,iswidely applicable to epitaxial films and interfaces.

A solution to the phase problem in the context of two-dimensional
(2D) structures such as films and interfaces has been elusive. Previous
attempts have been limited to the determination of layer electron
densities® or have led to recursion formulae”!?, which are cumbersome,
slow to converge and essentially limited to simple structures.

In this work, carried out at the Michigan-Howard-Lucent
Technologies (MHATT) and Pacific Northwest Consortium (PNC)
undulator beam lines at the advanced photon source (APS), we
demonstrate a solution to the problem of determining the structure of
thin films and their interface with the substrate, making use of the high
brilliance characteristics of the APS undulator radiation. The method is
general, and can be applied to any epitaxially grown structure.

The COBRA experiments were performed on a thin (2.7 nm)
epitaxial layer of Gd,O, deposited by molecular beam epitaxy (MBE) on
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Figure 1 COBRA electron-density maps of Gd,0,—GaAs (100) epitaxial structure.
Low density, cold colours; high density, warm colours. a, Eighth Ga/As monolayer below the
nominal interface; b, Ninth Gd,0, layer above the interface. The black dots are the folded
bulk in-plane Gd positions (see text). Yand Zdenote the position within a particular plane
parallel to the interface.

a(100) GaAswafer''. The X-rayscattering fromsuch asystemis composed
of sharp Bragg peaks from the 3D-ordered GaAs substrate, together with
continuous scattered intensity along lines in reciprocal space (Bragg rods)
associated with the 2D periodic regions (the substrate truncation, the
interface, and the Gd,O, film itself). The intensity profile along the Bragg
rods is a coherent combination of all these contributions; namely; it is
proportional to theabsolute value squared of the sum of the corresponding
complex scattering factors (CSFs).

The in-plane symmetry consists of two mirror planes'. We have
measured the diffraction intensities along 13 Bragg rods that were not
symmetrically equivalent and used symmetry to obtain all other rods.
We have also measured two symmetry-related rods and confirmed that,
within experimental accuracy, the symmetry-related rods are equal.
We then used COBRA to determine the CSFs along the rods and to obtain
the corresponding electron density of the epilayer/substrate system by
Fourier transforming the CSFs into real space.
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Figure 2 The distance between the in-plane Gd position and the nearest large
electron-density peak as a function of the layer number. The error bar indicates the
maximum uncertainty.

Inour casewe consider the CSFtobeacoherent sum of contributions
from a reference structure (substrate plus a film with the Gd,O, bulk
structure) and an unknown electron density that, when added to the
reference electron density, yields the actual electron-density distribution
of the whole system. A detailed discussion of the method has been given
elsewhere'?. Briefly, we make use of the fact that the CSFs vary
continuously along the Bragg rods. Because the reference contains some
information on the film structure, and the film and substrate are spatially
separated, we can, by appropriate choice of the real-space coordinate
system, make the CSF of the reference structure vary rapidly along the
Bragg rods compared with that of the unknown part. In this case, the
CSFs of the unknown partatany two adjacent points along the Bragg rod
are roughly equal. This allows us to calculate the unknown CSF from the
measured diffraction intensities and the known CSFs of the reference at
these two points. We have calculated in this way the amplitude and phase
of the CSFs on all 13 Bragg rods and then Fourier transformed them into
real space to obtain the structure’s 3D electron density. To check the
consistency of this electron density with experiment, we compared the
diffraction intensity profiles it would produce with the experimentally
measured ones on all 13 Bragg rods. The agreement we obtained
was excellent.

Previouswork onthe Gd,0,—~GaAsinterface'*'*hasshown,among
other things, that the Gd,O, film grows as a single-domain crystal with
three Gd,O, unit cell edges roughly commensurate with four GaAs
diagonals and one Gd,O, face diagonal matching two GaAs face
diagonals. Because the periodicity of the Gd,O, structure is a multiple
of that of GaAs, the CSF function along the GaAs-defined Bragg rods is
the Fourier transform of the electron density folded into a GaAs-
defined 2D unit cell'>. The ‘folded structure’ here is obtained by
translating each atom into the 2D unit cell using the GaAs in-plane unit
cell vectors. An example of the folded structure is shown in Fig. 1.
Theblack dots on Fig. 1bare the folded positions of the Gd atomsin one
layer of the bulk Gd,O; structure, projected onto the substrate plane.
The oxygen atoms are not considered because they are weakly
scattering compared with Gd. Each dot of a pair represents two folded
atoms and each single dot represents four folded atoms at slightly
different heights. Notice that the folded positions form lines.
One therefore expects that the electron-density function will have
ridges along these lines separated by valleys.
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The electron-density function contains a great deal of quantitative
structural information such as atomic positions in each layer, and surface
or interface roughness, as well as strain-induced disorder. Samples with
film thickness similar to that reported here (~2.7 nm) have been found to
be essentially free from misfit dislocation defects''. Therefore we do not
expect,or indeed observe, significant interface disorder in such thin films.
Here we focus on two particularly surprising results, namely the
displacement of the Gd atoms in the first few Gd, O, layers as they lock in
to the substrate Ga/As positions, and the appearance of a stacking
arrangement of the epitaxial film which conforms to that of the substrate
rather than that of bulk Gd,O,.

Two examples of the electron-density maps obtained by COBRA are
shown in Fig. 1. Each map consists of 3 x 3 GaAs 2D unit cells. Figure lais
theeighthlayerbelow theinterface on the GaAssideand Fig. 1bistheninth
layer above the interface on the Gd, O, side. The first map clearly shows the
Ga or As atomic positions. The second shows the ridges and valleys
expected from the folded structure. The small peaks along each ridge
coincide with a single black dot, ora pair of black dots, which, as described
above, represent four folded Gd atoms each. However, the other dots do
not coincide with peaks in the electron-density map. Instead we have a
large peak between the dots. This means that these folded atoms are
displaced from their corresponding bulk positions. We have analysed the
electron density along the ridges to determine the distance of the folded
atom positions from the peak positions and found that the distance varies
with layer number as shown in Fig. 2. This result shows that the positions
of the folded Gd atoms in the first few layers coincide with the peak
positions. Further away from the interface their positions relax to the
positions expected in bulk Gd,O,.

From the relation between the electron-density peak positions and
the folded Gd positions we can now infer the Gd positions in the real
unfolded structure. In Fig. 3 we show four consecutive layers. The Gd
atomsinrows 1,2,4and 5 fold to the positions on both sides of alarge peak
in the electron-density map, whereas the atoms on rows 3 and 6 fold to the
positions that coincide with the small peaks. In the first few layers, the Gd
atomsinrows 1,2,4and 5 arelocked to the underlying Gaand As positions
(circles) whereas further away from the interface they relax to the bulk
Gd, O, positions (Fig. 2).

An even more striking result is the stacking order. Note that in Fig. 3
the Gd positions in one layer can be located by displacing the atoms in the
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Figure 3 In-plane Gd positions (dots) in four consecutive layers of the Gd,0, film.
Eachlarge rectangle represents one 2D super-cell composed of 3 Gd,0, cells (red) and 16
GaAs cells (blue). The positions of the substrate Ga/As atoms (circles) in four consecutive
layers are shown superimposed. The layer sequence a, b, ¢, d repeats throughout the
sample. Note that the Gd atoms and the Ga/As positions shift in roughly the same way
(denoted by the lower line of (red) vectors) from one layer to the next, and are quite different
from the corresponding in-plane position shifts in bulk Gd,0,, denoted by the upper line of
(blue) vectors.
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previous layer by the red (lower line) vector shown between the two.
In contrastit turns out thatinbulk Gd, O, the layers are related by the blue
(upperline) vectors,meaning that thestacking ordersin the filmandinthe
bulk are different. Whatis really surprising is that the displacements of the
Gd atoms and those of the Ga and As atoms in every four consecutive
layers are the same: the Gd atoms abandon the stacking order of bulk
Gd, 0, in favour of the stacking order in GaAs. This tendency to conform
to theunderlying substrate provides insight into why Gd,O, isan effective
passivation layer for GaAs and why it allows field-effect transistors to be
made on GaAs (ref. 15).

Our work demonstrates that the COBRA method can determine
the 3D electron density of an epitaxial interface and film with
sub-angstrom resolution. In the present case, the results are even
qualitatively different from the bulk Gd,O, structure, suggesting that
fitting methods starting with such a model will lead to wrong
conclusions. The folded electron-density function that COBRA
provides contains much more structural information than that
provided by local probe methods such as XAFS'“and X-ray
holography'® because these average over a large number of probe
inequivalent positions. Moreover, our new technique is non-invasive
and the electron-density function it provides can be compared with
theoretical models. The method is general, and the fact that the
computation time scaleslinearly with the number of atoms, rather than
geometrically as in a conventional full-matrix intensity refinement
procedure'’, means that it can be used on systems with very large 2D
unit cells. For example, we analysed the simulated diffraction data of an
organic molecule with about 1,000 atoms arranged in a 2D array on a
molecular crystal, and were able to reconstruct its structure faithfully.
The method provides a highly efficient procedure for directly
extracting real-space structures from Bragg rod measurements on a
wide variety of epitaxial materials.
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